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High-energy astrophysics: The cosmic-ray puzzle.
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The cosmic-ray puzzle.

Three messengers are available to study the non-thermal universe.

Markus Ackermann | 3/31/2016 | Page 3



The multi-messenger approach.

Every messenger is unique.
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Neutrinos from dense environments.

Neutrinos can escape dense environments:

High-energy neutrinos from core-collapse SNe.
(e.g. Ando & Beacom, 2005)

Neutrinos from the cores of active galactic nuclei
(e.g. Stecker et al., 1991)

Py X velocity
\, distribution High-energy neutrinos from dark matter
P annihilation in the sun.
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The neutrino domain: PeV astronomy.

= Above 100 GeV the universe starts to turn opaque for y-rays.
= Only neutrino telescopes can do astronomy at PeV/EeV energies.
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Neutrino flavors and astronomy.
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= Neutrinos carry flavor.
= Flavor ratio depends on production mechanism / source environment.

= Qbservations of an unexpected flavor ratio could identify new physics.
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Neutrino astrophysics.

= Small cross-section of neutrinos requires huge detectors.
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= First design of a 1 km?3 underwater detector
already in 1978

= DUMAND array off the coast of Hawaii
= Never built after first test strings failed
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= 35 years later we are finally there....
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The IceCube neutrino telescope.

IceCube Lab
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lceCube

— Completed in Dec 2010.
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Neutrino detection by Cherenkov light.

~ Charged particles produced in neutrino interactions
emit Cherenkov light.

Vu ,"
4
’

= Optical sensors deployed in transparent medium
record arrival time and amplitude of light signal

= Neutrino direction from arrival time pattern

= Neutrino energy reconstruction from amplitude.
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Detection of high-energy neutrinos.

= Track-like event signatures
(CC interactions of v,,)

= Angular resolution: < 1°

= Effective volume: up to tens of kms.

= Energy resolution: only indirect measure of u
energy.

Early Late

—~ Shower-like event signatures

' | (CC interactions of ve, v+, NC interactions)
4 gi 3 = Angular resolution: > 10°
4 e - Effective volume: ~ 1 km3,
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= Energy resolution: ~15% of deposited energy.
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Detection of high-energy neutrinos.

simulation

> High-energy v: events
(CC interactions v+)

: « v at PeV energies
: = unique signatures that can identify a v+ interaction.
¢ ‘

U — Starting events
b ‘ ¢ (all flavors)

= Angular resolution: <1° - 15°
« Effective volume: <~ 0.5 km3

N I .1 ‘ ?
, .
:EE gﬂiﬂi W ﬂ = Energy resolution: ~15% of deposited energy.
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Neutrino flavors and event signatures.

Ve, Vp, V1

showers i gl

= high statistics starting = high statistics

* high background : ’ * |ow background

= good resolution events = bad resolution
/

tau signatures
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= very low statistics
= very low background
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The challenge: Atmospheric backgrounds.

> Muons from CR air showers account for 99.9999% of all
events seen by lceCube.

= Restricted to Southern hemisphere. I proton
Muon Intensity as functlon of depth
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The challenge: Atmospheric backgrounds.

= Most neutrinos seen by neutrino telescopes are of atmospheric origin.
= Atmospheric-v are produced in CR air shower interactions.
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The golden channel: Starting events

Vi Ve, Vi, V1

tracks showers

= high statistics
= high background
= good resolution

high statistics
= low background
bad resolution

tau signatures

g [ = very low statistics
SR = very low background

Vt
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> Atmospheric muons

Only from the surface (Southern hemisphere).
Produce light in veto region.

> Astrophysical neutrinos

No light in veto region.

Compact shower or emerging track

From both hemispheres.

> Atmospheric neutrinos

likely accompanied by muon if produced by
CR over the Southern hemisphere.

Muon produces light in veto region
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Observed events.

llceCube Preliminary
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Distribution on the sky.

Earth absorbs = 100 TeV

neutrinos  ICECUBE PRELIMINARY __—

..........................................

+ showers
X tracks

.....................

S S, YRR R R R R R R R TR

.....................................

TS=2log(L/LO)

= Events from high Galactic latitudes observed.

Galactic

= Event distribution is compatible with an isotropic neutrino flux.
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Starting events at lower energies.

= Enlarge veto region to extend energy range below
30 TeV

= So far only applied to 2 years of lceCube data.
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= Clear evidence for astrophysical neutrinos to
energies ~ 10 TeV
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Effects of the atmospheric neutrino veto.

Background from Southern hemisphere suppressed
by self-veto of atmospheric neutrinos
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The golden channel:

Starting events

Vi

tracks

= high statistics
= high background
= good resolution

Discovery of cosmic neutrinos
above ~10 TeV

tau signatures

= very low statistics
= very low background

V1

Ve Vi, V1

showers

= high statistics
= low background
= bad resolution
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More statistics: Contained / non-contained shower events

Vi Ve Vi, V1

tracks showers

* high statistics starting
= high background

= good resolution

= high statistics
= |Jow background

events * bad resolution

tau signatures

= very low statistics
= very low background

1 1 A 1 !v: ( (1 : ; | . |
V1
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Shower events
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= Showers can be selected based on their TR TG
spherical light patterns L il

= About factor of 2 gain in effective area above 300 TeV -
> ~60% more events below ~ 100 TeV i

= Accurate background simulation required.
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Shower events in two years of IceCube data.
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Shower events in two years of IceCube data.
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More statistics: Contained / non-contained shower events

Vi Ve Vi, V1

tracks showers
= high statistics starting = high statistics
= high background = |Jow background
= good resolution events = bad resolution

Confirmation of soft spectrum below 100 TeV
No spectral “gap” at few hundred TeV

tau signatures

= very low statistics
= very low background

V1
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The classic neutrino signature: tracks

Vi

tracks

= high statistics
= high background
= good resolution

Ve, Vp, V1

showers

starting " high statistics
= Jow background

events = bad resolution

tau signatures

= very low statistics
= very low background

V1
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Search for high-energy through-going tracks

lceCube 2012 - 2015

lllllllllllllllllllllllllllll

IceCube Prellmmary

| _atmospheric, ... SRR ] SRR ]
neutrinos ' : : : :

.........................................................................

South Pole

Events per bin
(-
ol—'

2 3 4 5 6 71 8
log;ymuon energy proxy)

= Search for high-energy excess in 6 years of lceCube muon track data.
= Use low-energy atmospheric neutrino data to fit uncertainties in background.

Markus Ackermann | 3/31/2016 | Page 29

= Only Northern hemisphere!



-
©
[ it
O
AN
ke
()
>
-
O
N
O
o
o)
o
"
el
-
)
o
>
(®))
p S
()
o
()
el
N
)
L
Ig
L
)
L
T

: 0.27°
IC origin

detector.
uncertainty
atmospher
<0.01%

S
O
—
>
=
Q
®
O
@
| -
al
N

> 2.6 £0.3 PeV
deposited in
= Angular

0 06806000060 000rtstssroletstasrnsneans
PR - R S A A T
oot e P eeeeesrseesetrerrsootesnnnsss X
aaaws~..s~n~.\..an..’\s.as\v)\):)\:); .
hasﬁ&aasﬁﬁnoay..a‘.\s’,\1)))3):)..) o .
25
Rﬁﬁﬁﬂﬂﬂﬁﬁﬁﬂﬁﬁﬂ.ﬁ”i)’7,1)1-,))\47)
6066080000000 00000etssssosrnsate

006668806000

e ¢ & ¢
re e ee ts P esssetssssonetessensses .
60006 O6606060060606060600006066e6006000060600 o...uo
A . V
. 0% 9 ! .u.».........°vevw

e 9000865002
© e ¢ 0 00O POCLGE £ecV &%

S III)

ceovecoteedbBE VS
Ny 'y
» Rt e

4.4..0000009 N ERETS ]

:1..‘"!.‘ !.! V-».. g
rersre e v My = T SUTSORS
€ € € 0 CWEE O © WO O VO O B )

P

> 0 00O

s0e0000C00

. ..A:.,.....s........rt.?.vA~..:i.......?..; o
© OOt O0000C00O0COO0COCOCOOOees SO OO 00 o0 000@ . ...ovouuu

A SN AR SN A R SR AR SN AR

uonoqoooooooo.ooooo.o. 2@o> o0 0

‘T XX ouu.O“ vooou N

*02009 ’

> . Av.b..v.b.vvv.e.uuvvquu

.;oo....ose 2 2 099
> ]

©¢C ©C© ¢ ¢ ¢ ¢ ¢ ocvxo A OAVA.-BV’JDOC/O eO O DO s O +0 O O

CECEECeeeeeeteOO0000COO0O0 »,».(OO_O-o-..

<
CESGPOCLOCECOOELOOOEOPPESOOOOTD

© 600t § § &S TSR L LaSe .w..p,:,i..iondnbc G.off g.quog?Q:

N%\v\7uo--u

oo ¢ o 0% ¢ M//eeaum 2%
ﬂﬁﬁﬂﬂﬁﬂﬂb@f?f(ﬁ@

CIP LI EIEPIPIIIIESIEBESIOEUETIVTEIOEIOORIOES
CECELCOEECECOECI VO LU O ®ow
CEECOCOECOCCOCOCOEOLOEULUEULPETOEPOPOGEOEOSPo

.0......A." '....uo \0».. Qw¢‘ww¢~wuwuv~
9

o vV v 0 0 0 0 90 9 9099 90 9O 92990 2292

sevsebrIesP2Iee

v oo *
R I

(1. o.‘\‘o\;ss\ﬁsn.-t-»uv-
((o‘ic«c.c)YOGc.»..vc cO W D> QeO W u°~us~u9-

veveos I I

L e e R e R
Lot s ssssssssssvervivsbivovvovssveoeh

C 66 e OO OOEOEOOLOLOEOEOOEOCOCOCOCTOTTS B P ] PPV VVIVI IRV IPIIIRR

ETEEEE: ..nnf.r.e.e(.r.r.e.ra.e.rto{ 0......‘...00&0; o wr LOKDJ IV*Fo 0233090

L e v oo ceowoee R 2 I . e -

veveevervecocvees @i QOQPPs Jo@oovssesssossssasassasaaaaa
"'trovrrrfffftltttf(frll(.ttllt LR AR B B L B A B B B A

CE EECLEOLEIOLEOEOLOPOBOPOSTOOROPOPOSBROGBOWOTS P R R I 2 I T B R

Markus Ackermann | 3/31/2016 | Page 30



Spectral fit of through-going track sample.

: =+ Prompt atmospheric v, +», (1XERS)
1050 NG mEN Conv. atmospheric v, +7, (best-fit) |
: : mmm Astrophysical v, +1, (best-fit)

- dd,., /dE [GeV em 2 s tsr!]

10°
1077k SRR S :
- - lceCube Prgllmlnary : N :
3 4 5 6 7
10 10 10 10 10

E,/GeV

= A hard spectrum is preferred by the muon-track data.
— Best fit spectral index: 2.08 £0.13

= But energy range is different than for starting event / shower analyses.
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The classic neutrino signature: tracks

Vi Ve, Vi, V1

tracks showers

= high statistics starting
= high background

= good resolution events

= high statistics
= Jow background
= bad resolution

Indications of a harder spectrum above few
hundred TeV

tau signatures

= very low statistics
= very low background

V1
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High energy tau neutrinos

Vi

tracks

= high statistics
= high background
= good resolution

Ve, Vi, V1
showers
starting " high statistics
= Jow background
events * bad resolution

simulation

i

tau signatures

= very low statistics
= very low background

V1
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Search for tau neutrino signatures

Data samples Events in 914.1 days (final cut)
Astrophysical v, CC (5.4 £0.1) - 1071
Astrophysical v, CC (1.8 £ 0.1) - 1071

Astrophysical ve (6.0 £ 1.7) - 1072

Atmospheric v (3.2 +1.4) - 1072

Atmospheric muons (7.5 £+ 5.8) - 1072

Aartsen et al., submitted to PRD.

= 3 years of lceCube data analyzed
= 0.54 cosmic tau neutrinos expected, none observed
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High energy tau neutrinos

Vi Ve, Vi, V1

tracks showers

* high statistics starting

= high background
= good resolution \ events

= high statistics
= Jow background
= bad resolution

Non-observation compatible with expectations
Need more data !

tau signatures

= very low statistics
= very low background

V1
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The global fit.

Vi Ve, Vi, V1
tracks showers
* high statistics starting " high statistics
= high background = |ow background
= good resolution events = bad resolution

tau signatures

= very low statistics
= very low background

\'A
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Best fit astrophysical neutrino spectrum using all channels

107° T
o BB Power law (v, +v, +v;) )
| ]
= C Power law + cutoff (v, +v, +v,)
‘_‘U + Wi+ Differential (v, +v, +v,)
. : 5
” 5
T = 10}
i E »é
% = <
O E N
— mo |
1078 N .
"e' - : : - :
Fa) - IceCube Preliminary : 3 1k
I L 2 ———— - - VR S R | 1 L - L] E
10 10° 10° 10’
E, [GeV]

1.8

spectral index: 2.37 £ 0.13

. , +
spectral index: 2.52 + 0.07 cutoff energy: 3.1 PeV

~ Combines starting event, shower, track and tau channels.
= Does only contain 3 years of through-going track data !

= Simple power law spectrum and power law + cutoff both compatible with IceCube

data.
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Neutrino flavor ratio constraints.

Ve vV, . v, at source o IceCube 20
= 0:1:0 % Preliminary

= Flavor ratios compatible with standard pion decay production (1:2:0) and
muon damped scenarios (0:1:0)

— Beta decay origin (1:0:0) can be excluded at 30 level.
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Do we get a consistent picture ?

_1]
—
Q

NaN

b -+ Prompt atmospheric v, +, (1XERS) |3
T, 107 N B Conv. atmospheric v, +, (best-fit) |]
N i Astrophysical v, +v, (best-fit)

c 10|
I L R

QL
U Power law (-1/‘ L )

— 10-7 L _:: . 1 Power law ('llt:’)ff (I/‘l‘ e, o) |

S - - - . —— , +$+ +$+ Differential (v, + 1, +2.) 5

Lﬂ - . : ; .
ge - -
~— ’8 '

N 10°CE
,er ..................
’O 10'9 eireiiiiiinr....i lceCube Preliminary .
ap  LiceCube Preliminery |

10° 10° 10°
E,/GeV

= No real tension due to different energy ranges.
= Some indications for spectral hardening at high energies.

> Significance still needs to be quantified. ok Ackermann | 451016 | Page 5



Where are the cosmic neutrinos from ?

Is it a single neutrino source / a few sources ?
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Single source / few sources scenario.

= This event distribution is not compatible with a single source !

= But we can do better than this.....

ICECUBE PRELIMINARY ___

...........................................

+ showers
X tracks

............

................................................................

s NS s s s sl u s s nnnds

....................................

...........................................

Galactic

TS=2log(L/LO)
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Atmospheric backgrounds revisited.....

= Most neutrinos seen by neutrino telescopes are of atmospheric origin.

= Angular resolution for v, better than 1 deg.

=
1 _ .
% 10 = e Atmospheric v background
e T TRE SR (1 sr)
¥ 107 Y
E E -"rn, OO
(&) 3— ) OL@
S F N
>107% % ) N N2
& " E A N
107 N
S Ve | L2
- © NE
10 N
- or, N
107 Mt R
= “ % “‘
1078 ;— Flux level expected ~=~="F==77%"" B 2
= for astrophysical neutrinos
B (e.g. Waxman & Bahcall, 1998)
_9IIII|IIIIIIIIIIII|IIIIIIIIllIIIIIIII
1097 o 1 2 3 4 5 6

log_(E, [GeV])

I proton

Y

prompt
3P

- SH " Ve,u
K [

conventional
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Atmospheric backgrounds for individual source searches

(Potential) neutrino source—>" 7 .-\

= Angular resolution for v, better than 1 deg.

107"

-9
041+ 0 1 2 3 4 5 6 7

Atmospheric v background
(1 deg?)

A\ -
N N I I T S S I ) I I [ L1 1 11

Iog10 (E, [GeV])

PN e,

ro /% e gl |~ s AL % &
1% s TR SN ¥ vy
A AC. 17%

= ~ Equatorial

Atmospheric neutrinos

= Atmospheric background
IS reduced dramatically, if
one looks for individual
neutrino sources

= Energy threshold for
Individual source
observation is lower than
for a diffuse signal.

= Sensitivity is better.
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Search for individual neutrino sources: IceCube

= 7 years of lceCube data (construction phase + full array)
= Sample of more than 700k muon track events

Northern sky (a = 249.7°, § = 63.6°)

66

=~ Median angular resolution: ~0.5 deg @ 10 TeV
= No statistically significant excess found.

post-trial
p-value: 44%

T T T T T
[IceCube Preliminary

L L 1
250 248 246

a/l1°

L 1
254 252

Southern sky (o = 174.6°, § = —39.3°)
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How many sources do we need ?

90% CL lower limits Source

on number of neutrino Equal flux Constant  gensity like

sources. from all Density/ gamma-ray
sources Luminosity Blazars

L LJ L L) L L) L L) L) L) L) Al L LJ L L L
T | | e
. - .

number of sources

= More than O(103) sources need to be responsible for the bulk of the neutrino flux.
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Do we see neutrino emission
from the Galactic plane ?
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Low significance Galactic plane excess.

| ' ' 1
14 -~~~ Galactic, ¥ template .
isotropic
ICECUBE PRELIMINARY ___——— T e 12 - total =
10 - _ —
Neronov & Semikoz, 2015 |
Y '
...................... = 8| -
=]
o]
(&
6 -
4~ -
............................. oL 1 .
I——_ - e -
o 2 1 I lh_ - — —l— - e 4 &
Galactic g 2 b. d $0 20
, degrees

Galactic Plane with [b| <6,,,.,

ICECUBE
0.20 PRELIMINARY Post-trials p-value: 0.0250
= Observed inside / outside the w .
lceCube collaboration at 26 / 30 g o1
level. o .
2 010} .
> Analysis methods / energy I .
thresholds are different between " oos o
both analyses . Lo
0'000 5 - 10 15 20 25 30

011),0;)7[ ’ ]



More sensitive search with large sample of muon tracks....

E,?2 d/dE,dQ [TeV cm™2s7'sr™']

(5

10—10 ’

lceCube, full-sky analysis

l' I ' P lllll' ] ' LI | '

IceCube Preliminary

Flux spectral index: —2.457

By Y9 &0
Flux spectral index: —2.531 % S Q

TTTIT

10—1‘ E_ -\\\ \\\\ J\ -:
B N \\\ /. . ':'
I N\ éb/f i
| Gaggero et al 2015 N\ L]
10-"2k arXiv:1504.00227v?2 % ) )
L KRA, (cut 5x107 GeV) N
------ KRA, (cut 5x10° GeV) Vs
KRA (cut 5x10’ GeV) % &
------ KRA (cut 5x10° GeV) -
107"l sassl el s assndl sl b o)
1072 107" 10° 10" 10* 10° 10*
E, [TeV]

= 7 years of lceCube data
= Sensitive at lower energies.

= No correlation to Galactic
plane found found.
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What are the extragalactic candidates?

... let's look at gamma rays
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The cosmic-ray / gamma / neutrino connection

= Cosmic rays interact
with a target medium
close to the source.

(extragalactic)
PeV cosmic rays Target medium

\6 collisions
~ Reprocessing of

\VH‘
y rays to GeV

/\ ~ O 05 Ep
energies.

TeV-PeV Neutrinos

> v /y - production via
p-p or p-y collisions
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The cosmic-ray / gamma / neutrino connection

= Cosmic rays interact

_ _ (extragalactic)
with a target medium

PeV cosmic rays :
close to the source. y Target medium
\ A/ppcolllsmns

= v /Yy - production via

pP-p or p-y collisions Extragalactic

background light ~0.1Ep

Y \\V”‘

~OO5Ep
e \

e
\ e TeV-PeV Neutrinos

~ Reprocessing of
y rays to GeV
energies.

GeV gamma rays
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The GeV gamma-ray sky

Fermi LAT, E > 1 GeV

The most complete census of the non-thermal
universe is the Fermi LAT sky survey at GeV

energies.
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The GeV gamma-ray sky

Fermi LAT, E > 1 GeV

= The most complete census of the non-thermal
universe is the Fermi LAT sky survey at GeV

energies.
Markus Ackermann | 3/31/2016 | Page 51




Extragalactic gamma-ray sources

Blazars
Subtype of an active galaxy where jets are pointed at Earth. >2000 sources

Quite rare, but very bright.

(Misaligned) Active galaxies
Galaxies with supermassive black holes at their centers.

Observation of relativistic jets of high-energy particles.

~ 30 sources

Star-forming galaxies
Normal galaxies (e.g. Milky Way).

Very few neutrinos per Galaxy ...but many Galaxies out there. <10 sources

Gamma-ray bursts
Most violent explosions known.

Likely related to explosions of massive stars or mergers of ~250 / year

neutron stars/black holes.
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Search for correlation of v to the sample of GeV Blazars.

= Most of the extragalactic gamma-ray emission in the GeV band is from Blazars.
= Search for neutrino emission spatially coincident with 2LAC Blazar sample.

All blazars from 2-LAC — 862 objects

Equagotorlal
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Extragalactic gamma rays and neutrinos.

L] L] ' Ll T L) ] I L] L] ] ] I \J Ll Ll Ll l
'

B Power law (v, +v, tv;) |
- WP Differential (Ve +v, +v,;)

.................................................................

= Fermi Blazars are NOT
responsible for most of ;' ; .
10_8; ----- the observed v's. i SRR N S R | B .

Upper limit
SR ; ; ; . on neutrino flux
9 § § ' . from Fermi Blazars

109

AAI I AAAI

00 1 10 100 10° 10* 10° 10° 107

, |GeV]
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Extragalactic gamma-ray sources

Blazars
Subtype

Quite r

active galaxy where jets are pointed at Earth. >2000 sources

, D&@Vvery bright. _
.... as dominant

v source population

(Misaligned) Active galaxies
Galaxies with supermassive black holes at their centers.

Observation of relativistic jets of high-energy particles.

~ 30 sources

Star-forming galaxies
Normal galaxies (e.g. Milky Way).

Very few neutrinos per Galaxy ...but many Galaxies out there. <10 sources

Gamma-ray bursts
Most violent explosions known.

Likely related to explosions of massive stars or mergers of ~250 / year

neutron stars/black holes.
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Extragalactic gamma-ray sources

Blazars
Subtype

Quite r

active galaxy where jets are pointed at Earth. >2000 sources

, b&@very bright. _
.... as dominant

v source population

(Misaligned) Active galaxies
Galaxies with supermassive black holes at their centers.

Observation of relativistic jets of high-energy particles.

~ 30 sources

Star-forming galaxies
Normal galaxies (e.g. Milky Way).

Very few neutrinos per Galaxy ...but

No significant detection

of any GRB or fast and
bright v transient.

0 explosions of massive stars or mergers of ~250 / year
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Extragalactic gamma-ray sources

Blazars
Subtype

Quite r

active galaxy where jets are pointed at Earth. >2000 sources

, D&@very bright.

.... as dominant
v source population

(Misaligned) Active galaxies
Galaxies with supermassive black holes at their centers.

Observation of relativistic jets of high-energy particles.

~ 30 sources

Hard to reconcile with
Star-forming galaxies observed gamma-ray emission

Normal galaxies (e.g. Milky Way).
Very few neutrinos per Galaxy ...but miliny Galaxies out there. <10 sources

0 explosions of massive stars or mergers of ~250 / year
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What remains ?
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Gamma-ray opaque sources

Optical depth

| |
<

LN |

| | | | |
Fermi-LAT/ = power law (a=2.5) -~

N w RES
|

47" powerlaw (a=2/3) — -

gray body ..............
(T=112eV)

log(Optical depth)
o

-1 ‘
2 I
]
¢
-3 ;
R =
4 | “ ] ] | ] l
3 -2 -1 0 1 2 3 4 5 6 7 8
log(e [GeV])

Murase, Guetta & Ahlers, 2015

Sources that efficiently
absorb gamma rays in the
GeV band:

Accretion disks of AGNs
Core-collapse supernovae
etc.

The neutrino sky is very
different to the gamma-
ray sky!
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Where do we go from here ? *

* besides collecting 10 more years of great IceCube data.
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This Is where we are now in neutrino astronomy....

... comparing to the history of gamma-ray astronomy.

Vi
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-
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R
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LA
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| M txf\ AN ATREAAD 4’,:5 LI
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B OSO-3 launched 1967 on a Delta C rocket
B 621 photons above 50 MeV detected.
B No sources, but Galactic plane emission identified.
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We need to make the next step: IceCube-Gen2.

= Design options evaluated for a proposal to funding agencies.

= Design option:

About 100 new strings.
= ~ 5 km? surface area.
~ 7 km3 volume.

> 5 X IceCube sensitivity.

3000f
2000

1000,_.4....3... N ¥

=1000}

=-2000}

Artist conception
Here: 120 strings at 300 m spacing

=3000f s




= The first few years of neutrino astronomy are behind us.

= We are making quick progress in determining the properties of the cosmic
neutrino signal.

= A substantial fraction of the neutrino flux seems to be extragalactic.

= Many (weaker) sources need to contribute to explain the absence of point
sources.

= There are first indications that the neutrino sky is substantially different from the
GeV gamma-ray sKky.

... and there is a lot of great science with neutrino telescopes | didn’'t show today.
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Extragalactic gamma-ray emission.

lllllll I 1 Illllll | | lllllll | | L B | | | L I

MAGN Di Mauro etal. 2014 ...
BL Lac Di Mauro et al. 2014
SF MW Ackermann et al. 2012

FSRQ Ajello et al. 2_(')_12 N

ot

Fermi-LAT MODEL A | g
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—
S
w

1|‘|rlll]:I

|‘]]]l I |
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1
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<
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~ Mattia Di Mauro, TAUP, 2015

lllllll 1 | lllllll 1 | lllllll

10" 10°

E [GeV]10

= Contribution from unresolved sources can be estimated.
= Most of the extragalactic gamma-ray emission above 10 GeV originates

from Blazars.
Markus Ackermann | 3/31/2016 | Page 65



Extragalactic gamma-ray and neutrino backgrounds.

= ....even though the spectral shape and energy flux is very similar

lIlllI 1 IlIlIIl’ IlIlIII' I I
MAGN Di Mauro etal. 2014 ...
BL Lac Di Mauro et al. 2014
SF MW Ackermann et al. 2012
FSRQ Ajello et al. 2_?_12 o
. (o] S
10° Fermi-LAT MODELA | _g— -
%
2
5
g .........
w10
-
spectral index: 2.37 £ 0.13 N

cutoff energy: 3.1 PeV

energy flux above 10 TeV: ok
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10 10° 10' 10° 10°
10 9 - —— E— . E [GeV] |
o ; [ Power law (v, +v, +1,) | spectral index: 2.30 = 0.02
'g 3  |E3 Power law + cutoff (v, +v, +v;) 1 cutoff energy: 350 GeV
- 4 - | Differential (v, +v, +v,) | energy flux above 10 TeV:
| - 5 f 7.1 TeV cm2 s
SR B M e R R P FERRRITRRR PR ~
7
n
>
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The cosmic-ray / gamma / neutrino connection

= Cosmic rays interact
with a target medium
close to the source.

(extragalactic)
PeV cosmic rays Target medium

\6 collisions
~ Reprocessing of

\VH‘
y rays to GeV

/\ ~ O 05 Ep
energies.

TeV-PeV Neutrinos

> v /y - production via
p-p or p-y collisions
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The cosmic-ray / gamma / neutrino connection

= Cosmic rays interact

_ _ (extragalactic)
with a target medium

PeV cosmic rays :
close to the source. y Target medium
\ A/ppcolllsmns

= v /Yy - production via

pP-p or p-y collisions Extragalactic

background light ~0.1Ep

Y \\V”‘

~OO5Ep
e \

e
\ e TeV-PeV Neutrinos

~ Reprocessing of
y rays to GeV
energies.

GeV gamma rays
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The cosmic-ray / gamma / neutrino connection

= Cosmic rays interact

_ _ (extragalactic)
with a target medium

PeV cosmic rays :
close to the source. y Target medium
\ A/ppcolllsmns

= v /Yy - production via

0-p or p-y collisions ~ -Xtragalactic ~0.1E,

background light \\Vp‘

~ Reprocessing of ~0.05E,
Y rays to GeV / \
energies. | © o
< e
% e TeV-PeV Neutrinos
G \
\
Beeevemaanaae A
) = EGB is an upper bound on
TE N production mechanisms for
ms;_i_ o W extragalactic TeV-PeV
i ::: e:b::: :;':z” — neu.tl;niaqggg(ermann | 3/31/2016 | Page 67
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Neutrinos from star-forming galaxies.

hadronic y-ray emission normalized to best-fit neutrino flux hadronic y-ray emission normalized to best-fit non-blazar EGB
. = v (per flavor) . — v (per flavor)
106 — totaly ; 10°F ~— total ¥
= - directy - directy
— " cascade y — " cascade y
s 4 IGRB (Fermi) s H4 EGB (Fermi)
n 1077 HH  IceCube combined | - - 1077 HH4  TceCube combined | -
T T
5 5
> >
3 108 S 108 + +‘l‘ T
& &
X =)
10° 10-°
combined fit range

102100 107
Bechtol et al., arXiv:1511.00688

= Gamma-ray emission associated with star-forming galaxies would fill up entire
EGB

= Contradicts findings that most of the EGB originates from Blazars.
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PINGU: Measurements of fundamental neutrino properties.

€100 :_ ....................... ....................... ...................... ..............
> E : : :

= PINGU: Add a densely + DeepCore

. 50:- """ Base]meGemetry + PINGU
iInstrumented core of

iceCube. N NN Ui At S N

¢ |ceCube

= 40 additional strings. s e s e s s o
-50 =

..................................................................................................................................................

> Lowers energy threshold o0

to few GeV. 1501

:i [ | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | !
-100 -50 0 50 100 150 200
X (m)

= Measurement of
fundamental neutrino |
properties: v, E——
= Oscillation parameters )

= Mass hierarchy oOr - AmZ,

At e |
> 30 determination of mass V1 Vs
hierarchy in ~ 3.5 years. . B B - V. B

Markus Ackermann | 3/31/2016 | Page 69




Search for neutrino annihilations in the sun.

= Mass of sun is dominated by hydrogen atoms.
= World’s best limits on spin-dependent scattering cross-section from IceCube.
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Search for neutrino annihilations in the sun.

P, X velocity
distribution

v mteractions

= DM particles get captured by
scattering off atoms in the Sun.

> Annihilation of accumulated e
WIMPs produces neutrinos. 0.99 0.992 0.994 0.996 O'gggcos(lpf

—— Offset from center of the sun.

= In equilibrium: Neutrino flux
depends only on scattering
cross section.
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Search for diffuse astrophysical neutrinos.

=
L 10TE g
7 = g T Super-Kv -
A . .-V /: i P | = Search for a diffuse excess of
-2 o N [ rejus v -
TIE T . S Freus v! neutrinos over background from
: U F N %@O AMANDA v, atmosphere at high energies.
= (@) ] . ]
8 : ’7//%" \‘ &O’)@/ - %’Onrt,f,’!ﬂ'crf?mdmg = From unresolved neutrino sources
~ 107%E /O/)Q/ \.\ 7’ ‘/{:I lceCube v, = From the interactions of CR with
T?f 5 L | \\‘ B ?onrtﬁarlc??ol ding the extragalactic background light
O \'\ \\\ .
10 - a This Work v, | S¢—= ‘\'\ T
o > Lower atmospheric background
o . for shower-type events
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Search for diffuse astrophysical neutrinos: Construction phase.

:t': E | o | | I | | [ | | I | | Il | I | [ | | [ | | L | E
L IC59 data —

103 :_ — conventional atmospheric neutrinos (Honda2006) _:
E =E conventional atmospheric neutrinos (best fit) g

102 ;_ :‘E‘_._ 59-string configuration _;
Prelimina
o+ 1.80 H Yy

10 ; R + —§
1= I =

- pATT LT > -
10" ~ 2005Te\/ :muéc:)n - —
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-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
log10(dE/dx ___[GeV/m])

= Search for high-energy excess in the muon energy loss spectrum.
= Low-significance excess found in construction phase data.
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Search for diffuse astrophysical neutrinos: Construction phase.

m atm. p B (3.6+1.2)-10°GeVsicm2srig? _
8 atm. ve +v, (conventional) + data . _ |
B atm. ve +v, +v; (prompt) <~ atm. p extrapolation
@2 atm. p + atm. v
N T . T T i T
10° L IceCube preliminary ' sample Ib |
. signal region 1 E U iidd i
3 R | | | li8ied
10* £ — & ' E Rt :
= . " L] = ! .
| 40-string configuration - a I
107 ¢ 3

o

events per bin [T =367.1d]

40-string configuration.

10? ” b E /
. - w 777 : : ' ! i
10 3 y ' 1 ‘ i
10°} s B i
— i1 il
- . i . i" i% : } 1
1035 35 4.0 4.5 5.0 5.5 6.0 A
log10(Ereco/ GEV)
10° -
@ Atmospheric p . .
Bl Atmospheric v (prompt) > EXCGSS events Observed In anaIySIS
1oL S—— : g;rtr;ospherlc v (conventional) | Of Showe r_llke events
IceCube Preliminary = 4 events observed above 100 TeV in
- 10%F

59-string configurati‘on '

= Excess of events in data from 59-string
configuration (but compatible with
background hypothesis within
uncertainties)

103
4.5 5.0 5.5 6.0 Markus Ackermann | 3/31/2016 | Page 74
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Search for bright events with 2 years of Iqg

= 79-string and 86-string configurations.

[1.1£017 Pev
= Optimized for cosmogenic neutrinos of EeV LI

energies.

Cosmogenic = produced in interactions of ultrahigh-energy CR
with the CMB/background light.

— 2 events just above threshold.

=~ 2.80 excess above expected atmospheric-v flux.

‘l ...... g ............. iﬁ

cos(reconstructed direction)
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Search for a diffuse astrophysical flux.

e®e Data

- |EEE Background Atmospheric Neutrino Flux
- | Background Atmospheric Muon Flux
Background Stat. and Syst. Uncertainties ||

-~ Signal+Bkg. Astrophysical E~* Spectrum |]

=
o
-

e

=
(@)
o

Events per 662 Days

I | 10

10°

10°

Deposited EM-Equivalent Energy in Detector (TeV)

Extension of previous search to lower energies (~ 30 TeV energy threshold)

New strategy to reject CR background.
28 events found in 2010-2012 dataset.
4.10 excess over expected backgrounds from atmospheric /v
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Spectral and angular distribution.

= Spectrum and zenith distribution

l I Background Atmospheric Neutlrino Flux . . .
- |=mm Background Atmospheric Muon Flux Compatlble with an aStrOphyS|Ca| flux
; Background Stat. and Syst. Uncertainties .
—— Signal+Bkg. Astrophysical £~ Spectrum Wlth a power-law SpeCtrum (CDNE-z)
eee Data
101 ...................................................... Icecubepreliminary_ between 60 TeV and 2 Pevl
g ] ;
% _\—| ‘ Southern Sky (downgoing) l Northern Sky (upgoing)
TP A 7777777 —_d ] el > 2 , , .
qa)' 10 I 'a_" 10 EEm Background Atmospheric Muon Flux
I= o E>6O TeV I Bkg. Atmospheric Neutrinos (x/K)
:>j O Background Stat. and Syst. Uncertainties
A - Atmospheric Neutrinos (Benchmark Charm Flux)
w - Atmospheric Neutrinos (90% CL Charm Limit)
: © - Signal+Bkg. Best-Fit Astrophysical £ * Spectrum
10'1 ...................................... - .‘Q:) 101 . eee Data . p
j 8 IceCube Preliminary
Q -
7 © |
A% = S S —
102 10° -bé +— ‘—to—c
Deposited EM-Equivalent Energy in Detector (TeV) N 0 7/ 1 ! -
> 107 | 7 ’ +
8 7 ’
Atmospheric neutrinos on southern o 1
hemisphere suppressed by “self-veto” © % )
Q
e ptrtair—->X+vy+vet+ .. + ;10-1
. ) c
* high-energy u from shower triggers veto 9
w
-1.0 -0.5 0.0 0.5 1.0

sin(Declination)
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Distribution of high-energy neutrinos on the sky.

(x) track-like event
(+) shower-like event

...............

| shower events
p-value 8°/o

0 TS= 2log(L/LO) 12.4

= 21 shower-like events, 7 track-like events
= Dominance of shower-like events expected from astrophysical neutrinos due to

flavor ratio of ve: vy:ve=1:1:1
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Distribution of high-energy neutrinos on the sky.

.............

,--,..UBE-PRELIMINARY““““'*ri:___

*All p- values are post ztrial

(x) track-like event
(+) shower-like event

...............................................................................................

| shower events
p-value 8°/o

0 TS= 2log(L/LO) 12.4

~ Event distribution compatible with expectations from background + isotropic
astrophysical flux.

= No significant correlation in space/time with GRBs found.
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Searches for diffuse astrophysical and cosmogenic neutrinos.

—— HKKMO7 + BRS atmos. 7, (H3a OR knee)  — 1059 Diffuse v, Limit x 3 ‘
— —  Waxman Bahcall 1998 x 3/2 ~— 1C86 All Flavor EHE Limit (Prelim.) |,
Is..‘ 10—3 I S — ESS vy, + ve, 2001 w— |C79+486 Starting Events (“HESE") |
'_EIJ = Ahlers et al. Best Fit . AMANDA-II atmos v, forward fold.
lUJ — Decerprit et al. Proton mm  1C40 atmos v, forward folding
o™ 41 : === 1C22 Cascade Limit B B 1C40 atmos v, unfolding
lE 107%F Wy —— AMANDA-II Diffuse v, Limit x 3
k: . . .
| 5L o .  ererererenans  eremennannnes e eeeerernnans e eesnnananes eeeeereeeeeetenrmennanannn,
107°F ; : : : ' : : ]
Z : ; ; g ~ lceCube limit on
Sl r z __cosmogenic neutrlnos
N 10 A S k. ' .
€3
~
\; 10—7 A
<,
~
o
S\ 10—8 A ENL
[
Q ' ' s z s : z ‘
m} ]_O_gf-bestfluxestlmate ....... ............. ............... ............... .:.
= - for O~ E 2 spectrum : j ; § § |
10—10 —l . . [ S L
102 10° 100 100 109 107 108 109 10"

E, [GeV]

= Observed excess is too low in energy to be of cosmogenic origin.
= lceCube starts to probe the phase space of cosmogenic neutrino models.
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A global spectral fit to all IceCube data.

Hypothesis: IceCube Preliminary

Dstro ™~ ~2 - exp(E/E_,) - |EEE Atmospheric v (conv.) Bl Astrophysical v
Goodness-of-fit: ] |EEE Atmospheric » (prompt) 4 4 Data

¢)ron)t (2 8+20 i

' EZ ¢ astro (

[Enberg + Gaisser H3a)

@@ Atmospheric u o T f ;v (1 8+ ) PeV ,;
10 IC40 contalned showexs IC40 contalned showers 102 lC59 contalned showers -
low energy sample 10! ‘ high energy sample
3 1
10

o T4

10°}

.+.

10}
o 102 | 101} 1
g :
- 3.5 4.0 4.5 5.0 5.0 5.5 6.0 6.5 7.0 40 45 50 55 60 65 7.0
.g log,o( Deposited energy / GeV ) log,o( Deposited energy / GeV ) log,o( Deposited energy / GeV )
- IC59 throughgoing tracks IC79/86 contalned showers + tracks IC79/86 contained showers + tracks
= ' ' ' ' , ' ' southern sky northern sky
w 10!
=
)
-
=

+

-05 00 05 10 15 20 25 3.0 4.5 5.0 5.5 6.0 6.5 7.0 4.5 5.0 5.5 6.0 6.5 7.0
log,o( Muon energy loss (a.u.) ) log,o( Deposited energy / GeV ) log,o( Deposited energy / GeV )

= Hard spectrum with cutoff: ® ~ E-2 exp(-E/Ecut) Markus Ackermann | 3/31/2016 | Page 81 @s@



A global spectral fit to all IceCube data.

Events in live time

IceCube Preliminary

3.5 4.0 4.5 5.0

log,o( Deposited energy / GeV )

IC59 throughgoing tracks

-0.5 00 05 1.0 15 20 25 3.0
log,o( Muon energy loss (a.u.) )

101}

102}

5.5 6.0 6.5 7.0

log,o( Deposited energy / GeV )
IC79/86 contained showers + tracks

5.0

| sout.hem sky
e |

5.0 5.5 6.0 6.5 7.0

log,o( Deposited energy / GeV )

4.5

= Pure power-law with unknown index: ® ~ E¥

10°}

101}

4.0

Hypothesis: Porompt = (0 0%0¢) - [Enberg + Gaisser H3al
¢astro ~ E | ' ) B Atmospheric v (conv.) Bl Astrophysical v 9.7 B +18 T 1 _9
rucmmrma amsasace . E ¢, 40= (68775)- 107 GeV SI_ cm

Goodness-of-fit ¢ | Atmospheric v (prompt) -4 4 Data 0 R S
; | 100 % - | [ Atmospheric p Vastro = (2 7:}? 22 f
10 IC40 contained showers IC40 contained showers 10 IC59 contaned showe )

low energy sample 101 : high energy sample : : ' '
‘T‘: ' 10'
10°} ~+—

65 7.0

5.5
log,o( Deposited energy / GeV )

lC79/86 contained showers + tracks

45 5.0 6.0

northern sky

6.0 6.5 7.0

5.0
log,,( Deposited energy / GeV )
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More results expected soon.

Analysis of 2012/2013 IceCube data (run period from May 2012 - Apr 2013).

Better constraints on atmospheric neutrino fluxes from low-energy
contained/semi-contained events.

Search for excess events in the dE/dx spectrum of through-going tracks with the
completed IceCube observatory.

Another PeV-class neutrino in pre-
scaled 2012/2013 data sample
used for analysis development
(10% of available data).
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Studies of neutrino properties with IceCube.

> Measurement of Am23 and sin?(2023) using
DeepCore sub-detector.

cosmic ray
with air shower

= Zenith angle of atmospheric neutrinos reflects
different baselines L.

Earth

= For vertical events: v, survival probability with atmosphere

minimum ~ 25 GeV.

0.0 ‘ ‘
Amy =7.5-107° eV?
Am2 =2.32:107%eV? 0.9
0,,=33.9° 6,3=9.1°
_0.2 023:45.00 0-8
0.7 &
T
- vy survival al
‘g probability 10.5 <
_0-6 7 0.4 o=

0.3 H% = High-energy events
can be used to
control systematics.

0.2
0.1

-1.0 - 0.0
1 10 100 1000 rkus Ackermann | 3/31/2016 | Page 84
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Studies of neutrino properties with IceCube.

¢ Data —— MCwithosc. === MC no osc.

Ereo=1[7T— 10] GeV ; | rem-[lO 14] GeV

Events per energy band
*Normalization has been fixed at the horizon

[72 100] GeV :

0 | | | | | | | |
1.0 —08 —06 —04 —02 00 -10 —08 —06 —04 —02 0.0
COS (ereCO)

= Analysis performed using one year of available
fU” IceCUbe data Markus Ackermann | 3/31/2016 | Page 85



Studies of neutrino properties with IceCube.

® Data —— MCwithosc. === MC no osc.

2 . . : .
7-10] GeV B =[10—14] GeV ?
c 1 ' ' ety it &
IS _ _ .
S 0 i i i i
v 2 . . , . : :
= B, =[14—20] GeV E\co =[20—28] GeV
o % . - ' - - ‘
r § ) e -
=g
3 c 0 ; ; ; ;
38 2
Z § B...=[28-38] GeV
x : : f
ot 1 s
- . .
R 0 | i i
g 2 I |
2 Ereco =[53-T72] GeV ;
2 . : :

1l = =.0-=--

0 i i i i . ilceCubie Prelirri)inary
-1.0 -0.8 -06 -04 -0.2 00 -10 -0.8 -0.6 -04 -0.2 0.0
COS (OI‘GCO)

= Analysis performed using one year of available
fU” IceCUbe data Markus Ackermann | 3/31/2016 | Page 85




Constraints on oscillation parameters.

4°O | | | | | I |
= |lceCube-86 (first year), 68% :
- |ceCube-86 (first year), 90%
3.5k = Super-K 2012 (2-flavor), 90% | . ...
— MINOS 2012, 90%
T 30_ ............. .............................................................. - Z ]
T z P
= IceCube Preliminary
N 25F T
S .
4
20L - ............. .............. .............. ........... SRR .......... <IN
15k . ............. . ............. . ............. . .............. . ............. . .............. . ..............
060 065 070 075 080 085 090 0.95

sin” (26,,)

1.00

= Promising constraints on oscillation parameters from analysis.

= Uncertainty band dominated by statistics @ Competitive constraints from multi-
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Constraints on oscillation parameters.

4.0

IceCube-86 (first year), 68%
IC

35— S & 0.004 L T
— - [ ——— MINOS 2012, 90% CL

- — — . Super-K (zenith 2v) 2012, 90%
| lceCube/DeepCore 6yrs, 90%

—

Am2|(10-9eV? )

c

; s ? SO
2.0 | ~ <7
z s T~ =

- lceCube Preli:minary

15F - .
0.60 0.6°

ol I R B B
0.80 0.85 0.90 0.95
> Promising constraints sin2(2
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Sensitivity to sterile neutrinos.

Amy, =7.5-10""eV?
Amj, =2.4-10"%eV?

= lceCube is sensitive to O(eV) e g
12=33.9" 0)3=9.1"

sterile neutrinos. —0.217%

= Search for oscillation patterns  _, 4|
of TeV neutrinos.

cos(0)

> Competitive limits expected |

from full IceCube array.
~-0.8fF

M. Walraff for the IceCube collaboration, ICRC 2013 ~

Standard Sterilg ngutrino
oscillations

oscillations

Opy /1"

lceCube 5-year 90% exclusion sensitivity

O 22 -1 0 0
10 10 10 Markus Ackermann | 3/31/2016 | Page 87
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Beyond IceCube.

Increase of core density

PINGU

« 20-40 new strings inside the
DeepCore volume.

 Energy threshold reduced to 1 GeV.
 Focus on measurement of neutrino
mass hierarchy.

lceCube-DeepCore-PINGU top view

‘€1 m .....(v ...................... gumssassssansissses Bossntesson ® |ceCube

;: E § % % . 4 DeepCore

- . leemew
50:. .................... I ....................... ....................... ...................... : .........

75m

E ? ' PA :

+ % .

‘g
_100:. ....................................... ...... +A ....... ........

S IR EPEEPET AT AP T

100 150 200

Extensions to larger volumes

Askarian Radio

Array (ARA)

 Inlce Radio array for
>30 PeV neutrinos

e several tens of kmZ2
surface area

New strings ]

IceCube ++

e |ceCube extension
with larger string
spacing

e Large increase in
effective area above
10 TeV
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Measurement of neutrino mass hierarchy with PINGU.

lceCube-DeepCore-PINGU top view Tt 12

;‘sj1°°- ....................... ....................... . ............. ;E:éé,:m % . — PINGU
50*75m ........ 25‘ . DeepC ore
of- 3] ++++ !

+ A g e —
s ks | 4

'.-_I; | I | l | ) l I I Lt 1 1 l | I i | I | i 1
100 50 0 50 100 150 200
X (m)

2
o
=0
o
3
lllllllllllTlllIlllIlllI

PRELIMINARY
5 10””1151”1210””215””310””315”l
Energy (GeV)

> Mass hierarchy is one of the
last unknown fundamental
properties of the neutrino sector.

or amz| > PINGU attempts to determine
the hierarchy by providing a

v, v, I megaton detector for atm-v
with 1GeV threshold.

BVe BVe V- BVe BV: [V
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Measurement of neutrino mass hierarchy with PINGU.

= Up to 20% differences in v, survival probabilities for various energies and
baselines, depending on the neutrino mass hierarchy

P(v,—v,) with Travel Through the Earth - 10 GeV, 179

& 14r

< | | == Normal Hierarchy

g n

> 12_— e Inverted Hierarchy

z

g 10 -1 -~
g 0.9 }
£ 8 0.8 2
i 0.7

Illllllllllllllllll

T = E
% 2000 4000 6000 8000 10000 12000 °
Length (km)
P(v,—v,) with Travel Through the Earth - 6 GeV, 126
& SF
E 45
o "
- 1
2 F ‘?
g 35 0.9 f
Q _E 0.8 =
£ °F 0.7 ¢
i 25 3 0.6
2 0.5
151 0.4
- = Normal Hierarchy 0.3
==
E = Inverted Hierarchy 0.2
0.5 0.1
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Muon neutrino survival probabilities for normal hierarchy.

Neutrinos Antineutrinos

Energy / GeV

%908 06 04 02 0 1 -08 -06 -04 02 C
cos 9, Normal hierarchy cos 6,

= Survival properties for neutrinos and anti-neutrinos.
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Muon neutrino survival probabilities for inverted hierarchy.

Antineutrinos Neutrinos

Energy / GeV

0408 06 04 -02 021 -08 -06 -04 -02 ¢
cos8, Inverted hierarchy €os 8,

= Survival probabilities switched for neutrinos/anti-neutrinos in inverted hierarchy
> PINGU cannot distinguish neutrinos from anti-neutrinos ....

= ...but rates are not the same.
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Measurement of mass hierarchy with PINGU.

> Need to measure complicated pattern in 2-dim distribution (E, cos(zenith))

=~ Good way to visualize signature of mass hierarchy:
» Distinguishability metric (Akhmedov, Razzaque & Smirnov (arXiv:1205.7071)):

Nobs.IH = Nobs,NH
\/Nobs,NH

Distinguishability Metric [(IH-NH)/NH"?]

= Expected signal from
inverted hierarchy in a
perfect detector.

Energy (GeV)

= Real detector will have
finite energy and
zenith resolution.

-

109 08 07 06 -05 04 03 02 01 0
Cos(zemth ang|e) Markus Ackermann | 3/31/2016 | Page 93



Performance studies for PINGU.

PINGU 40 string
o8
g E > Currently using DeepCore algorithms
= 12— - .
g for reconstruction.
—
£ °F > Systematics studied so far:
[0} 4_—
= oF = 023, 013, AM2am, Ocp Within

- world average +20 ranges

N M-S OB P 7 S TR - -
neutrino energy [GeV] = Efficiency errors (30%)
PINGU 40 string = Atmos. v spectral index (+0.05)

» Energy calibration (10% bias)
» Pointing accuracy (10% bias)
_ » Energy resolution (10% error)

10 energy resolution [GeV]
D

—_— = Angular resolution (10% error)
» Further studies underway now.

IS
IIIIIIIIIIIIIIIllllllllllIIII|IIII|IIII

OO
N
S
(o)}
(e}
-
o
RN
N

L1 1 I 11 1 I 11 1 I L1 1
14 16 18 20
neutrino energy [GeV] Markus Ackermann | 3/31/2016 | Page 94



Measurement of mass hierarchy with PINGU.

Distinguishability Metric [(IH-NH)/NH"?]

8

S e E m
e 18 -
= Good identification of mass S
hierarchy possible with realistic @, 05
experimental resolution. 12
10 0
" -0.5
] '
Distinguishability Metric [(IH-NH)/NH"] 4 1
s 20 1 2 - e =
S 18 4 -09 [08 -07 -06 -05 04 -03 -02 01 0
; Cos(zenith angle)
.%" ° Zenith resolution: 12.5°
14 .
1 Energy resolution 3 GeV
2
|
10 conservative scenario
8 -0.2
6 ‘ -0.4
4 0.6 — optimistic scenario

[ ]
1 -09 -08 -07 -06 -05 -04 -03 -02 -0.1 0
Cos(zenith angle)

Zenith resolution; 10°

Enel’gy reSO|UtIOﬂ 1 GeV Markus Ackermann | 3/31/2016 | Page 95



Search for neutrinos from GRBs.

ANTARES - __..i_._._._.__ —— .
N, .*" .="" IceCube (Nature, 2012)

P e -
.......................... “'ﬂ

E’®, [GeV cm? s sr]

—==  ANTARES 2007 2

= ANTARES NeuCosmA =203
= = = ANTARES Guetta
=== IceCube IC40+59

E [GeV]
~ 225 GRB at Northern sky
>
> 2 years of IceCube 296 GRB at Southern sky

construction phase data = No ANTARES event in time

and direction coincidence
(arXiv:1307.0304)

IceCube

= No significant correlation
found between IceCube

events and GRBs.
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Production mechanisms of neutrinos (in space).

= Neutrinos from the sun.

= MeV energies

Neutrino image of the sun

v
antineutrino

Electron capture
= Core-collapse supernovae.

R+> -SN 1987A

> Particle acceleration sites in the
universe.

= up to 1012 MeV

Cas A
Markus Ackermann | 3/31/2016 | Page 97

= MeV energies




Potential of neutrinos for astronomy...

= ...was already seen in 1960 by G. Marx

Cosmic Neutrino Radiation

Abstract. New and more powerful meth-
ods for eliminating background intensity
are needed in order to make possible the
development of neutrino astronomy into
a new, far-reaching branch of science.

The result of the small capture cross
section of the neutrino is that the mean
free path of the neutrinos of the 1 to
10 Mev energy region in the universe
amounts to about 10% light-years (that
of the antineutrino is a little less). From
this it follows that neutrino radiation
offers a very useful opportunity for ob- Science, 131 (1960)
servation of events very distant in space ’
and time (in principle, up to 10® light-
years and 10® years, respectively), pro-
vided, naturally, that the problem of

detection can be solved. For example,
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The dawn of neutrino astronomy: The Homestake experiment.

F

" > 615 tons of tetrachloroethylene,
~1500 m underground.

A

= Observations of solar neutrinos by
v+ Cl—="Ar + ¢

= Discrepancy found from expectations for
neutrino production in the sun.

= eventually resolved by discovery of neutrino

oscillations
(1 FWHM Results) 8
1.4
7
2 1.2 . [ . |
% 4| 6
8 10 ; ‘ g/ L ' ’ 4 5
s 1 & +
o 0.8 ) | * b Avy,
E ) ] s 1 Ravt% 4 %
=] 1 i) . 1 ol ]| 4 il 70|
1 d
£ oo IRIH i |1 | | 1
_§ a4l ! 1 ' 1 ’ ! - + 1 ¢+ I u ?
E‘ 04» I | | 0 }
< 02 J ! l “ l l T ' 1
0.0 : . l | 1o
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Raymond DaVIS’ NObeI Prlze 2002 Markus Ackermann | 3/31/2016 | Page 99 @E;S@



The first breakthrough: Neutrinos from SN 1987A

Energy (MeV)

40 ¢

30

20

10

Supernova in the Large Magellanic Cloud
(~50 kpc from Earth).

Neutrino burst observed by two
underground detectors.

= Confirming the core-collapse model for
supernovae

Kamiokande |l detector.

A &

¢ IMB
o Kamiokande {1

s M. Koshiba, Nobel Prize 2002

4 6 8 10 12
_ Markus Ackermann | 3/31/2016 | Page 100
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The surprise: Neutrinos have mass.

e e e e e 8 o e T e
e R e
0 AN Gy oy’

Super-Kamiokande detector

Super -Kamiokande 543 days Preliminary

- 1 - Tt~ r - 1t - 1 F - 1 - 1 1 - 1T ° ]

multi-GeV e-like multi-GeV mu-like (FC+PC)

150 — —H -
100 =

50 - _+_ a # Data _|

[Z7] Predicted
| i — numu-nutau OSC.-
0 L | L | L | L | L L | L | L | L | L

-1 -06 -02 02 08 -1 -06 -02 02 086 1
cos(zenith angle) cos(zenith angle)

= Neutrinos have (very low) masses.

= Neutrinos oscillate between their
flavors ve, vy, V.

= Ve from the sun seem to “disappear”
on their way to Earth.

= vy In the atmosphere seem to
“disappear” from certain directions.

= QObserved by underground detectors
in Japan & Canada.
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Neutrinos: A brief history.

Beta Decay of a Neutron

Postulated by W. Pauli to “rescue” the

e 0O
 4€ . .
/ ' energy conservation principle in nuclear

SM
1,0 % “lp beta decays.
decay
event
o Possibility to detect neutrinos in inverse
antneutino beta decays, but reactions are very rare.

It took the advent of nuclear reactors to
discover neutrinos experimentally.

= Reactor provided 1013 neutrinos /cm?2/ s

Experiment by C. Cowen & F. Reines
(Nobel price 1995)
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Some properties of neutrinos.

Charged current (CC)  Neutral current (CC)

Inelastic scattering of neutrinos off nuclei

. 10-30
= Three flavors of neutrinos. o N total. CTEQS
= Neutral & almost massless. 105 vN CC
Ng 10—83
> Low interaction cross-section = 10-%
Y
= Enables them to penetrate dense 5 107
matter. 103

= Interaction length of neutrinos

-37 | /',
(@1 TeV) in water: 2.5 106 km (!) S %

10-38 '
10 1001000 10* 10° 10° 107 10® 10° 1010 10"3

E, [GeV] &



Search for neutrinos from transients: GRBs

Counts/s

External Shock

35000 T T T T T T T T

1 GRB 130427A: i The Flow decelerating into
300004 GBM light curve > 1 MeV - Internal Shock the surrounding medium
25000 - _ Collisions betw. diff.
! | : parts of theflow
20000 - \ J d : \ \
15000 - - ’** V j AAAND ‘ X
— Jot =— =B —= Jot — — Ao Y
10000 - g e
i 1 : collapse - o ’
5000 - M - " s
0 it 1 o 1 ' 1 ) W
-5 0 5 10 15 20

>10"%cm

Time since trigger (s)

Gamma-ray bursts: huge amounts of energy released in gamma rays over O(s)

Has been connected to core collapse SNe of massive stars and mergers of compact objects

GRB have been proposed as the dominant acceleration site for CRs up to
energies > 1020 eV.

Accompanying neutrino emission should be visible in km3-sized neutrino

telescopes in a wide variety of scenarios.
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Search for neutrinos from GRBs.

> Search for cumulative signal from all
available bursts.

= Observations are compatible with
expectations from the atmospheric

background.
» New Burst < 7 Days Old ® Recent Burst >7 Days Old Old Burst > 60 Days Old
IceCube Preliminary : &
- E i SRR S S i
107 ¢ : : : : E . .
~ : : : ; ; 1 = Upper limits from the
- . analysis of 568 GRBs
710 (4 years of lceCube data)
’I*Il
-
v -11 . . -
> 107 ¢ = Limits close to predictions
O : : : : . of GRB signal (if GRBs
& 1| A - | = 1c40 thru IC86-I fireball UL (90% CL) ’ dominate CR production).
W 10 g | = 1C40 thru IC86-1 photospheric UL (90% CL) -
.| = = Total fireball prediction :
- ; - = Total photospheric prediction
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The cosmic-ray / gamma / neutrino connection (ll)

= Cosmic rays interact
with a target medium
close to the source.

= Neutrino/Gamma
production via
p-p collisions.

= GeV gamma-ray
spectrum correlated to

GeV neutrino spectrum.

GeV-TeV cosmic rays Target medium

p /
\ p-p collisions
170 w”"

)

GeV gamma rays

~

A%

GeV neutrinos
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The cosmic-ray / gamma / neutrino connection (ll)

= Cosmic rays interact
with a target medium
close to the source.

= Neutrino/Gamma
production via
p-p collisions.

= GeV gamma-ray
spectrum correlated to

GeV neutrino spectrum.

GeV-TeV cosmic rays Target medium

\p /p
p-p collisions
-I-I-O w+/_

Vi
Y \

Vi
2 \

GeV gamma rays / \Ve

GeV neutrinos

| For spectral index
| r=25:
1 P(vetvytvr) = O(y)

2 3 4
spectral index I Markus Ackermann | 3/31/2016 | Page106



Neutrinos from CR interactions in the Galaxy ?

10_5"'!1::
| ‘ - BEEE Power law (v, +v, +v,)

K . G

: | T W K1 Differential (Ve +v, +v,)

/

~
E
)
T
—
N
i j L 1 :
lm ]_()_7 - Average Galacticy-ray — ~_ -7
. intensity from CR interactions 1
% - with interstellar gas |
U (Tro-decay only)
AN
Ko
AN

ool
00 1 10 100 10° 10* 10° 10° 107
~ Additional contribution fromhard ~ E, [GeV]
Galactic sources possible
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The power of neutrino observations.

= Neutrinos are a diagnostic of the acceleration sites of protons and nuclei.

\pAY
R, L

P e
g r@ )
V
Y ~4 v
e / \\V”k Bremsstrahlung Synchrotron
Ve
Proton-Proton Interactions
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Extragalactic gamma rays and neutrinos.
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Fermi LAT, 4-year sky map, E > 1 GeV

|sotropic diffuse
emission (IGRB)

Resolved sources

Galactic diffuse emission

(CR interactions with the interstellar medium)

0-
GeV gamma-ray Inverse Compton m deE?

sky well measured
by Fermi LAT

Bremsstrahlung




The extragalactic GeV gamma-ray background.
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Ackermann et al., 2014, arXiv:1410.3696 Energy [MeV

Resolved sources at high galactic latitude predominantly extragalactic.
Total extragalactic gamma-ray background (EGB) = isotropic + resolved sources.
EGB is a measure of the gamma-ray brightness of our universe.

Markus Ackermann | 3/31/2016 | Page 111



Operating neutrino telescopes: Baikal

" | Rzl e o el b bvtogal et b Dt ol 22 20 e it A Rl i S S e et i
Ba I kal bt Sty P R s e o e s il 2l B et
hded i e bt = : e S A e it i

> ~ 4km off the shore of Lake Baikal
= Completed in 1998

= 192 optical sensors on 8 strings
(104 km3 instrumented volume)

= Upgraded to NT200+ configuration in 2007
(+18 sensors on 3 strings)
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Operating neutrino telescopes: ANTARES

> Mediterranean sea, off Toulon, France
= Operating since 2008 in final configuration

= 885 PMTs on 12 strings (~10-2 km3
instrumented volume)
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The IceCube-PINGU collaboration.
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Strategies to search for astrophysical neutrinos.

— Search for high-energy showers and tracks
that start in the detector.

= Works on both hemispheres, good reconstruction
of neutrino energy.

P\ = Search for high-energy tracks from the
/ South Pole\ Northern hemisphere.
V = Atmospheric muons cannot penetrate the Earth.

= Search for individual sources.

= Find a localized excess in the background.
= Search for transients.
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— Search for high-energy showers and tracks
that start in the detector. |

= Works on both hemispheres, good reconstruction
of neutrino energy. |

P\ = Search for high-energy tracks from the
/ South Pole\ Northern hemisphere.
V = Atmospheric muons cannot penetrate the Earth.

= Search for individual sources.

= Find a localized excess in the background.
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Construction of the IceCube neutrino telescope

(R
Hot water drill

MW hot water plant
| "i,f_*-,j\ | 3 » y § 3 “ : ¥

b N ‘—
‘.“ 4
i

-

R Y TR T
2

Drill tower

Optical sensor deployment
e S w— SN R AAING G

Markus Ackermann | 3/31/2016 | Page 116




IceCube detector elements.

lceCube

Laboratory
DAQ

Online filtering
Transfer
Storage

<

South Pole link to
TDRSS satellite

network
"DOM receiver card
lceTop Arra
Digital optical module (DOM) 81 Staﬁffns y

2 tanks per station
2 DOMs per tank

Inlce Array

86 strings
60 DOMs per string



The first challenge: Optical properties of natural ice.

lceCube
Hole#(year)

50 (06-07)
66 (05-06)

21 (04-05)

Optical Signal

2 (07-08)
10 (08-00)

N

14(10-11)
N R Daer S B oo T . i Mk e
1400 1600 1800 2000 2200 2400
Depth[meters]

8 |

1 I 1

— 2500m of Antarctic ice trace hundreds of thousands of years of Earth history.
= Light scattering and absorption properties depend on dust / mineral deposits.
= Very complex depth profile.

~ Needs to be measured and modeled properly.

Markus Ackermann | 3/31/2016 | Page 118



Click to add title

—
Ol
(o))

pr— | | L I | | LI lll I I I L l:
| -267 -
Rz T 0=23 (i) .
;m ¢+ differential flux model | T T T
' s atm. wmmms prompt v = wesm ' mc
£ -7
S 10 " = w— CONV. V astro. v ++  data
S - - IceCube preliminary all—sky fully contained
> B —
© . .
N >
“1078) !
- Assuming best-fit power law:
u +++ Unfolding B Conv. atmospheric v, +7,
i o AN Bl Astrophysical v, +v, Lo
4.0 30 e ooooiiiee ... IceCube: Preliminary-|
£ All—Sky Cascades (2yr) ' IceCube preliminary 10 —HL"‘"" g g "fec"begpr‘?l"l‘:mary
10 ,é,“ 3 5_Starting Events (2yr) LE1 N 102; e ensannens r_,: .......... los
"7| Starting Events (3yr) LE2 N :=I=.........., ' l l '
3 O—Start]ng Events (3yr) HE - :-g 10 S ECETEP TP e A - i i ..... :l ..... ' .......... 1--l .....
| Northern Sky v, (2yr) e 10O — ] 0.6
5 !
oF
2.5 ] , 10 L — PO
- 102 _ _ L _{0.4
2.0 1A S neutrino energy pdf : ;
10 E""_"'-"'(’h’iQhESt-’GﬂEfQYEVGI’Tt) ..................... SEEERRE : 0.2
1.5~ - L R B e T oL T
: i i 5 ? § |
1.0 ] S = —10.0
0 10 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5
log;o(median neutrino energy / GeV)

O'?.S 2.0 2.2 2.4 2.6 2.8 3.0 .®
Yastro Markus Ackermann | 3/31/2016 | Page 119@



Simulated light propagation from a PeV neutrino.

time delay
vs. direct light

“on time” ————> delayed

Moore’s law helped tremendously for modeling the ice ....
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Overview.

= Astrophysics with high-energy neutrinos.

= ... what neutrinos can tell us no other messenger from space can.

= The lceCube neutrino observatory.

= The first km3-scale neutrino detector, buried in the Antarctic ice
shield.

= Science with IceCube.

= Observations of the first TeV and PeV neutrinos from space
= ... and what we learn from them.

= Multi-km3 detectors & precision measurements of neutrino

properties.
Markus Ackermann | 3/31/2016 | Page 121



